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ABSTRACT 


V- 

The  work  described- in -^his  -repopt  involves  the  fabrication  and 
use  of  a small  fiber  optic  probe  to  measure  (1)  the  transmission  of 
the  ocular  media  which  is  the  ratio  of  the  total  light  intensity 
reaching  the  retina  to  the  total  light  intensity  incident  on  the  cornea, 
and  (2)  the  cross-sectional  intensity  profile  of  a minimally  small 
image.  Information  concerning  the  resolution  of  the  eye  is  derived  from 
the  small  image  measurements.  \ 

y 

Critical  parameters  in  the  study  of  damage  mechanisms  in  the  eye  are 

j 

the  amount  of  light  reaching  the  retinal  tissues  as  a function  of  wave- 
length, and  the  size  and  shape  of  the  relative  light  intensity  distribu- 
tion on  the  retina. 

Measurements  pf  these  quantities  have  been  reported  in  the  literature. 
Most  of  the  measurements  of  the  transmission  of  the  ocular  media  were  made 
on  excised  eyes  and  most  of  the  measurements  of  minimal  retinal  images  were 
made  eithef  on  excised  eyes,  or  were  made  indirectly  on  intact  eyes  by  a 
fundus  reflective  or  psychophysical  technique.  In  this  research  direct, 
in  viyo  measurements  of  these  two  quantities  were  made  in  the  rhesus 
monkey  eye. 

^ The  transmission  of  the  ocular  media,  measured  on  a limited  number 
of  animals,  compares  well  with  some  of  the  best  previously  reported  data. 

The  transmission  was  measured  via  a 600  micron  diameter  fiber  optic  probe 
which  collected  all  the  light  from  a 200  micron  diameter  irrading  laser  beam. 


Three  lasers,  providing  seven  wavelengths,  were  employed.  — 
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The  minimal  images  measured  in  the  monkey  eye  were  larger  than 
values  reported  from  subjective  acuity  tests  or  by  diffraction  theory. 
Some  of  this  poor  quality  could  be  attributed  to  experimental  error, 
but  perhaps  the  most  significant  factor  affecting  eye  quality  was  the 
fact  that  the  neural  controls  for  blinking,  tearing,  and  micro- 
accomodation, which  aid  the  eye  in  forming  a retinal  image,  were  inactive 

in  the  anesthetized  animal.  Alf  eye  quality  in  the  experimental  pre- 

\ 

paration  is  indeed  poor,  othe^  experiments  involving  fine  visual  detail 
would  be  similarly  affected. 
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INTRODUCTION 

The  work  described  in  this  report  involves  the  fabrica- 
tion and  use  of  a small  fiber  optic  probe  to  measure  (1)  the 
transmission  of  the  ocular  media  which  is  the  ratio  of  the 
total  light  intensity  reaching  the  retina  to  the  total  light 
intensity  incident  on  the  cornea,  and  (2)  the  cross-sectional 
intensity  profile  of  a minimally  small  image.  Information  con- 
cerning the  resolution  of  the  eye  is  derived  from  the  small 
image  measurements. 

Critical  parameters  in  the  study  of  damage  mechanisms  in 
the  eye  are  the  amount  of  light  reaching  the  retinal  tissues 
as  a function  of  wavelength,  and  the  size  and  shape  of  the 
relative  light  intensity  distribution  on  the  retina. 

Measurements  of  these  quantities  have  been  reported  in  the 
literature.  Most  of  the  measurements  of  the  transmission  of 
the  ocular  media  were  made  on  excised  eyes  and  most  of  the 
measurements  of  minimal  retinal  images  were  made  either  on  ex- 
cised eyes,  or  were  made  indirectly  on  intact  eyes  by  a fundus 
reflective  or  psychophysical  technique.  In  this  research,  di rect , 
in  vivo  measurements  of  these  two  quantities  were  made  in  the 
rhesus  monkey  eye. 

Two  factors  which  affect  the  quality  of  vision  are:  the 
attenuation  of  light  in  pre-retinal  media,  and  the  fidelity  of 
the  object  - to  - image  mapping  fuction.  The  fiber  optic  probe, 
used  in  the  experiments  discussed  herein,  provides  some  infor- 
mation about  these  factors. 
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Studies  concerning  the  damage  to  retinal  tissue  due  to 
radiation  from  lasers  and  other  intense  light  sources  require 
knowledge  of:  the  shape,  size,  and  relative  spatial  intensity 
distribution  in  the  retinal  image  for  a given  corneal  intensity 
distribution;  the  absorption  of  light  energy  in  specific  ocular 
tissues;  and  the  amount  of  light  reaching  the  retina  (and  ab- 
sorbed in  the  tissues)  as  a function  of  wavelength. 

Previous  j_n  vivo  measurements  of  the  retinal  image  have 
been  made  using  the  temperature  rise  due  to  direct  absorption 
of  light  of  microthermocouples,  but  a fiber  optic  probe  affords 
two  advantages:  increased  sensitivity,  and  the  separation  of 
tissue  temperature  rise  information  from  light  intensity  in- 
formation. 

Finally,  the  techniques  outlined  in  this  report  allow 
direct  measurements  in  vivo,  although  the  animals  are  anesthe- 
tized and  otherwise  altered  by  drugs  and  surgical  trauma. 

Most  other  retinal  image  measurements  have  been  made  j_n  vitro 
or  indirectly,  i.e.,  using  psychophysical  or  fundus  reflective 
techniques . 


EXPERIMENTAL  PROCEDURE 


Development  of  Fiber  Optic  Probe 

The  fiber  optic  probes  used  in  this  research  were 
either  glass  or  quartz  rods  which  had  been  drawn  in  a probe 
puller  to  small  tips.  The  smallest  probes  had  tip  diameters 
of  10  microns;  the  largest  probes  had  tip  diameters  of  40 
microns. 

The  probes  were  vapor  coated  with  a thin  reflective 
coat  of  silver  by  means  of  a rotating  probe  holder  within  a 
vacuum  deposition  chamber.  The  coating  prevented  light  enter- 
ing the  probe  at  any  point  except  the  tip.  Approximately  20U0 
Angstroms  of  silver  were  deposited  while  the  probes  were  con- 
tinuously rotating  in  a holder.  Approximately  one  micron  of 
copper  was  el ectrodepos i ted  on  the  probes  afterwards  to  pro- 
tect the  silver  films. 

The  probes  were  mounted  in  a probe  mount  that  contained 
a Hamamatsu  R761  photomultiplier  tube  photodetector.  This 
detector,  chosen  for  its  convenient  small  size  and  sensitivity. 
Less  than  one  microwatt  of  incident  corneal  irradiation  was  re- 
quired to  give  an  acceptable  signal  from  a 10  micron  diameter 
probe.  This  detector  was  used  to  measure  the  profiles  of  mini- 
mally small  images. 


The  coupling  between  the  probe  and  the  photodetector  was 
accomplished  using  Dow  Corning  200,  a viscous  optical  coupling 
fluid.  The  fluid  was  continuous  from  the  end  of  the  probe  to 
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the  face  of  the  detector.  Use  of  this  fluid  allowed  the  probes 
to  be  relatively  short,  a definite  advantage  in  probe  fabrication. 

A large  probe  (600  micron  diameter)  was  used  for  the  measure- 
ment of  the  transmission  of  the  ocular  media.  The  probe  was  fab- 
ricated from  a three  inch  length  of  600  micron  diameter  quartz 
fiber  optic.  The  ends  were  broken  nearly  flat  by  first  scoring 
with  a small  file.  On  the  detecting  end  of  the  probe  a small 
amount  of  Torr-Seal  resin  was  placed,  and  was  ground  flat  after 
curing.  This  formed  a diffusing  disk;  the  sides  of  the  probe 
were  then  coated  with  silver  epoxy,  so  that  light  could  enter 
only  at  the  tip. 

The  large  aperture  probe  was  intended  to  collect  al'i  the 
light  in  the  beam,  as  is  described  in  the  Experimental  Procedure: 
Transmission  of  the  Ocular  Media  section. 

Experimental  Apparatus 

Surgical  Preparation  and  Animal  Positioning 

The  experimental  animal,  a 4 to  8 pound  rhesus  monkey,  was 
tranqui 1 i zed , anesthetized  and  prepared  for  surgical  exposure 
of  the  back  of  the  left  globe.  The  details  of  this  procedure 
have  been  reported  earlier  (8). 

The  animal  was  restrained  via  ear  and  bite  bars  on  a stereo- 
taxic stand,  and  the  left  eye  was  sutured  into  place  so  that  the 
nodal  point  was  very  near  the  center  of  rotation  of  the  stereo- 
tax. Using  a Narishge  micromanipulator  and  an  Olympus  stereo 
dissecting  microscope,  a drill  probe  made  from  a tungsten  micro- 
electrode and  driven  with  a Cavitron  ultrasonic  dental  drill, 
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was  placed  at  the  desired  insertion  site  on  the  sclera.  A 
small  hole  was  made  by  carefully  pulsing  the  ultrasonic  drill 
and  slowly  advancing  the  drill  probe.  The  drill  probe  was 
then  removed  and  the  fiber  optic  probe  inserted.  Details  of 
this  procedure  have  also  been  reported  earlier  (1). 

The  stereotaxic  stand  was  equipped  with  Superior  Electric 
stepping  motors  for  automatic  rotational  movement  in  two  d,- 
rections.  Position  transducers  (Hewlett-Packard  24DCDT-1000 
linear  variable  differential  transformers ) provided  a signal 
for  precise,  high- re solution  indication  of  position.  The  hori- 
zontal resolution  of  the  stereotax  was  25  arc  seconds  (2.3 
microns  on  the  retina)  per  motor  step;  the  vertical  resolu- 
tion was  16  arc  seconds  (1.5  microns  on  the  retina)  per  motor 
step . 

The  fiber  optic  probe  was  scanned  through  the  retinal 
image  by  rotating  the  eye  about  its  nodal  point.  In  some  ex- 
periments, this  was  done  in  two  directions,  horizontal  and  verti- 
cal, so  that  a two-dimensional  raster  scan  was  made  of  the 
retinal  image. 

The  lasers  used  in  this  work  were  a Spectra  Physics  Model 
166  4W  CW  argon  ion  laser,  a Spectra  Physics  Model  135  dye  laser 
with  Rhodamine  6G  dye,  and  a Chromatix  Model  1000  Nd:YAG  laser. 
The  lasers  were  mounted  on  a granite  table  approximately  3 meters 
from  the  table  containing  the  stereotaxic  stand  and  other  equip- 
ment. Variable  exposure  duration  was  provided  by  a Vincent  Asso- 
ciates shutter  placed  in  the  laser  beam. 


Irradiation  and  Fundus  Viewing  System 

As  shown  in  Figure  1,  the  laser  beam  was  reflected  into 
the  eye  via  a 50/50  beam  splitter.  A calibrated  radiometer 
(EG&6  Model  580),  received  the  beam  transmitted  through  the 
beam  splitter  and  was  used  to  measure  the  power  during  irra- 
diation. The  fundus  was  viewed  with  a Zeiss  fundus  camera. 

Direct  viewing  of  the  fundus  allowed  the  laser  beam  to  be  po- 
sitioned at  specific  sites  in  the  retina  such  as  the  macula 
lutea.  This  viewing  technique  also  aided  location  of  the  probe 
insertion  site  since  the  fundus  camera  light  was  visible 
through  the  sclera  on  the  back  of  the  eye.  The  probe,  once  in- 
serted, was  usually  visible  through  the  fundus  camera. 

Various  lenses  and  other  optical  components  as  required 
by  a particular  experiment  were  mounted  on  an  optical  rail 
in  front  of  the  beam  splitter. 

Experimental  Control  System 

A Devices  Ltd.  Digitimer  provided  the  master  timing  pulses 
by  which  the  shutter,  the  stepping  motors,  and  the  data  re- 
cording process  were  controlled. 

The  shutter  control  circuit  received  "open"  and  "close" 
pulses  from  the  Digitimer  and  operated  the  shutter  accordingly. 

The  2-D  scan  control  circuit  received  shutter  pulses,  motor 
stepping  pulses,  and  data  sampling  pulses  from  the  Digitimer. 

It  then  delivered  the  appropriate  horizontal  and  vertical  stepping 
pulses,  generated  a horizontal  motor  reverse  signal,  and  also  gen- 
erated two  pulses  for  selecting  and  recording  data. 


To  Computer 
for  off-line 
data 

processing 


Figure  1 . Experimental  Apparatus. 
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The  stepping  motor  control  circuits,  one  for  each  motor, 
received  the  stepping  pulses  and  reverse  signals  and  trans- 
lated these  signals  into  the  driver  current  required  by  the 
motors. 

Data  Acquisition  System 

The  signal  voltages  from  the  fiber  optic  probe,  and  the 
horizontal  and  vertical  position  transducers  were  routed  to 
three  channels  of  an  eight  channel  Cl evi te/Brush  chart  recorder. 
The  animal's  EKG  was  recorded  on  another  channel.  The  position 
and  fiber  optic  signals  were  low  pass  filtered  to  remove  un- 
wanted noise  due  to  mechanical  vibration  or  electrical  inter- 
ference. Also,  an  oscilloscope  was  used  to  monitor  the  fiber 
optic  signal . 

Referring  once  again  to  Figure  1,  the  respective  outputs 
of  the  Brush  amplifiers  were  fed  to  three  digital  voltmeters. 

The  outputs  of  these  voltmeters,  which  were  in  digital  binary- 
coded-decimal  form,  were  arranged  so  that  either  vertical  po- 
sition data  and  light  intensity  data  were  routed  through  a tele- 
type interface  and  recorded.  The  teletype,  a Texas  Instruments 
733ASR,  has  digital  cassette  tapes  on  which  the  data  were  stored. 
The  data  were  later  played  back  to  the  CDC  6600/6400  computer 
for  off-line  processing. 

Scanning  Mirror  System 

The  speed  with  which  the  two  dimensional  raster  scan  could 
be  made  was  greatly  increased  by  using  a scanning  mirror  system. 
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The  optical  system  is  shown  in  Figure  2.  The  beam  size 
was  adjusted  with  a telescope  consisting  of  a 15  and  a 5 cm 
lens;  the  beam  size  was  determined  by  measuring  the  number  of 
mirror  steps  between  the  beam  peaks  occuring  at  the  different 
detector  apertures.  (See  Probe  Development  and  Transmission 
of  the  Ocular  Media  sections.) 


The  scanning  mirrors  (General  Scanning  AX200)  were  driven 
in  a 20  x 20  point  raster  pattern  by  the  analog  voltages  from 
two  digital  to  analog  converters.  The  D to  A converters  were 
programmed  via  a Motorola  6800  microprocessor  system.  The  step 
size  was  easily  adjusted  by  changing  program  parameters.  The 
mirror  step  rate  was  10  steps  per  second;  data  acquisition  was 
via  the  Digital  Voltmeter  - Serdex  - TI  733ASR  system  described 
previously  which  operated  at  a 1200  baud  transmission  rate. 


Transmission  of  the  Ocular  Media 


The  transmission  of  the  ocular  media  is  herein  defined  as 
the  ratio  of  the  total  light  intensity  reaching  the  retina  to 
the  total  light  intensity  incident  on  the  cornea. 

A laser  beam  smaller  than  the  dilated  pupil  was  used.  The 
lasers  used  in  these  measurements  were  as  follows:  The  argon 
ion  laser  ( Spectra-Phys ics  Nidek  166)  provided  three  wavelengths; 


455.5,  488,  and  514.5  nm.  The  dye  laser  (Spectra-Physics  Model 
135  with  Rhodamine  6G  dye)  provided  three  more  wavelengths; 
nominally  560,  590,  and  630  nm.  A Chromatix  Model  1000  Nd:YAG 


laser  provided  a near  infrared  wavelength  of  1060  nm. 


Stationary 

Mirror 


Laser  Beam 


Vertical 

Scanning 

Mirror 


Horizontal 

Scanning 

Mirror 
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A large  aperture  probe  (600  micron  diameter)  was  in- 
serted in  the  eye  to  collect  all  the  light  in  the  beam.  The 
optical  arrangement,  shown  in  Figure  3,  was  used  to  form  a 
200  micron  diameter  (between  1/e2  points),  collimated  beam  in- 
side the  eye  which  was  directed  on  to  the  probe.  The  image 
was  viewed  through  the  fundus  camera;  it  appeared  to  be  smaller 
than  the  probe  tip  when  the  lenses  were  properly  focused. 

The  measurement  was  made  as  follows.  The  image  was  centered 
on  the  probe  tip  such  that  the  peak  response  was  obtained.  This 
value  was  recorded,  and  also  the  laser  power  transmitted  through 
the  beam  splitter  ( see  Figure  3)  was  recorded.  The  total  power 
incident  to  the  lenses  was  also  recorded.  After  the  experiment 
was  over  and  the  experimental  animal  was  removed,  the  ratio  of 
the  power  reflected  off  the  beamsplitter  to  the  total  incident 
power,  and  the  ratio  of  reflected  power  to  power  transmitted 
through  the  beam  splitter  was  carefully  measured  with  the  radio- 
meter for  each  wavelength. 

To  calibrate  the  probe  response,  its  output  was  measured 
when  placed  in  the  same  system  as  before,  with  a 2 cm.  focal 
length  lens  replacing  ghe  eye  of  the  experimental  animal.  The 
power  i nci dent  on  the  probe  (i.e.,  reflected  off  the  beam  splitter 
and  transmitted  through  the  2 cm.  lens)  was  measured  directly 
with  the  radiometer  after  the  probe  had  been  removed.  The  image 
could  be  viewed  on  the  probe  tip  through  the  fundus  camera,  just 
as  in  the  eye.  The  probe  was  maintained  at  very  nearly  the  same 
angle  for  this  measurement  as  it  was  in  the  eye.  The  output 


Transmission  of  the  Ocular  Media  with  a 600  Micron 
Diameter  Fiber  Optic  Probe. 
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voltage  of  the  probe-detector  was  therefore  determined  for  a 
given  laser  power  incident  on  the  probe  tip. 

The  reflection  of  light  at  the  contact  lens  - air  interface 
and  at  the  contact  lens  - cornea  interface  was  calculated  by 
Kidwell  (7)  to  be  very  nearly  3%.  The  measurement  of  the  power 
incident  on  the  contact  lens  therefore  was  reduced  by  3%  prior 


to  calculation  of  the  ratio  of  power  inside  the  eye  to  power'., 
incident  on  the  eye.  The  formula  for  calculating  the  trans- 
mission of  the  ocular  media  is  therefore: 


T . 0 . M . = (Probe  Output,  mV)(Probe  Calibration,  W/mV' 
(Incident  Corneal  Power,  W) ( 0 . 97 ) 


Minimal  Image  --  Transfer  Function 

Illumination  --  Point  Source 

The  minimal  image  or  point  spread  function,  from  which  the 
transfer  function  for  the  eye  may  be  derived,  can  be  obtained 
by  illuminating  the  cornea  with  a uniform  plane  wave. 

The  "uniform  plane  wave"  requires  a near  constant  light 
amplitude  across  the  cornea  as  well  as  a nearly  flat  phase 
curvature.  A TEM  laser  beam  has  a gaussian  amplitude  profile, 
and  a phase  curvature  related  to  the  beam  divergence.  If  the 
beam  is  expanded  and  recollimated,  both  the  amplitude  and  phase 
requirements  can  be  satisfied. 

The  collimated  beam  approximates  a uniform  plane  wave 
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Six  laser  wavelengths  were  used  in  the  minimal  image 
measurements.  The  argon  laser  provided  455.5  nm,  488  nm , and 
514.5  nm;  the  dye  laser,  pumped  by  the  argon,  with  Rhodamine 
6G  dye,  provided  wavelengths  of  approximately  560  nm,  590  nm, 
and  630  nm. 

The  dye  laser  is  configured  such  that  wavelength  selection 
is  quickly  and  easily  accomplished  by  means  of  a movable  tuning 
wedge  within  its  optical  cavity.  Wavelengths  from  the  argon 
laser  were  selected  by  means  of  narrowband  interference  filters. 
Minimal  time  was  required  to  change  wavelengths  during  an  ex- 
periment. 

Illumination  --  Line  Source 

The  light  source  used  to  form  a line  image  on  the  retina 
was  the  same  as  that  used  by  Robson  and  Enroth-Cugel 1 (9),  a 
Chicago  Miniature  CM8-52.  This  lamp  had  a ribbon  filament  which 
measured  81  mm  by  0.51  mm.  It  was  mounted  vertically  4 meters 
from  the  eye.  The  width  of  the  filament  thus  subtended  25.7  arc 
seconds  at  the  eye. 

The  lamp  filament  was  operated  at  a current  of  4 . 8A  (18.9V) 
to  give  a color  temperature  of  2900  degrees  C.  The  spectrum 
of  the  output  light  under  this  condition,  as  determined  by  Robson 
and  Enroth-Cugel 1 , was  centered  at  approximately  600  nm  with  a 
bandwidth  of  220  nm,  neglecting  the  infrared  output. 
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Eye  Preparation 

The  animal  was  prepared  surgically  as  described  previously. 
Special  care  was  taken  in  handling  the  eye  for  these  experi- 
ments so  that  minimal  damage  or  trauma  occurred.  The  eye  was 
examined  frequently  through  the  fundus  camera  during  the  ex- 
periment to  determine  the  condition  of  the  optics  and  the  fundus. 

Since  the  eyelid  was  held  open  during  the  experiment  which 
lasted  several  hours,  a hard  contact  lens  was  used  to  keep  the 
cornea  from  drying.  The  curvature  of  the  lens  was  based  on  mea- 
surements of  a sample  of  monkey  eyes.  A set  of  lenses  was  obtained 
having  the  measured  curvature  in  powers  of  +1,  -1,  +1.5,  -1.5, 

+ 2,  +2.5,  +3,  and  +3.5  Diopters  (D).  The  lenses  were  used  in 
focusing  the  image  in  the  eye  at  the  probe  tip.  Barnes-Hine 
contact  lens  wetting  solutions  and  artificial  tears  were  used 
with  the  lenses.  Deionized  water  was  used  to  rinse  the  front  sur- 
face of  the  lens  after  placement  in  the  eye. 

The  pupil  was  dilated  and  accomodation  paralyzed  with  Neo- 
Syrephrine  during  the  surgical  preparation.  Some  of  the  minimal 
images  were  scanned  with  no  artificial  pupil;  others  were  scanned 
with  an  artificial  pupil  of  4,3,  2,  or  1 mm  diameter  placed  di- 
rectly in  front  of  the  eye,  centered  on  the  cornea. 

Probe 

The  fiber  optic  probes  used  in  these  experiments  were  typi- 
cally 10  to  15  microns  in  tip  diameter.  They  were  silvered  and 
copper  coated  as  described  in  the  probe  development  section. 

The  sensitivity  of  the  photomultiplier  tube  proved  to  be  very 
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convenient  since  only  a small  portion  of  the  collimated 
laser  beam  entered  the  eye  and  excessive  laser  power  was  not 
required  even  though  the  light  levels  in  the  eye  were  rela- 
tively low.  The  photomultiplier  was  especially  valuable  in 
measuring  the  images  of  the  line  source.  The  spectral  response 
of  the  photomultiplier  was  sufficient  for  all  of  the  visible 
wavelengths  employed,  and  effectively  filtered  any  near  i nf ra- 
re d or  longer  wavelength  light. 

The  depth  of  the  probe  was  not  determined  exactly,  but  the 
tip  of  the  probe  was  visible  well  in  front  of  the  neural  layers. 
Table  1 shows  the  displacement  of  the  focal  plane  with  respect 
to  focus  error  (or  dioptric  correction)  in  a monkey  with  typical 
total  refractive  power  of  72. 6D.  The  position  of  the  probe  tip 
with  respect  to  the  eye's  natural  focal  plane  would  have  an 
effect  on  the  corrective  lens  required  for  optimum  focus. 

Scans  --  Point  Image 

The  image  was  usually  placed  on  the  micro  probe  tip  while 
viewing  the  fundus  and  also  watching  the  oscilloscope  for  the 
signal  to  appear.  Once  the  image  was  located,  the  central  peak 
was  found  by  adjusting  the  stereotaxic  apparatus  in  both  the 
horizontal  and  vertical  directions.  The  image  was  then  rotated 
off  the  probe,  the  stepping  motor  was  reversed,  and  a scan  was 
made,  moving  one  horizontal  motor  step  (25  arc  seconds)  between 
each  shutter  pulse  of  approximately  .25  second  duration.  The 
intensity  profiles  were  filtered  and  recorded  on  a Brush  chart 
recorder . 
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TABLE  1 

Focal  Plane  Displacement  with  respect  to 
Focusing  Error  in  the  Rhesus  Monkey  Eye 


Uncorrected  Power  = 72.6  D 
f = 18.4  mm 


Focus 


Error,  D 

Total  Power , D 

f , mm 

h f , mm 

0 

72.6 

18.40 

0 

+ 1.5 

74.J 

18.03 

0.370 

+2.0 

74.6 

17-91 

0.490 

+2.5 

•75.1 

17.79 

0.610 

+3.0 

75.6 

17.67 

0.730 

+3.5 

76.1 

17.56 

0.840 
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Scans  --  Line  Images 

The  line  images  were  scanned  in  similar  fashion  as  the 
point  images.  A vertical  peak  was  located,  although  it  was 
broader  than  the  vertical  peak  of  the  point  images.  The  scan 
was  taken  one  motor  step  at  a time.  The  width  of  the  image 
was  determined  from  the  chart  record;  steps  were  taken  once 
per  second  and  the  chart  moved  one  millimeter  per  second. 

For  both  the  point  images  and  the  line  images,  the  first 
scan  was  made  with  a 0 diopter  contact  lens  and  no  artificial 
pupil  on  the  eye.  Contact  lenses  of  increasing  power  were 
placed  on  the  eye  for  subsequent  scans.  The  lens  which  pro- 
duced the  narrowest  image  ( as  measured  between  the  half-height 
points)  was  considered  to  be  optimum.  The  "optimum  focus"  was 
obtained  with  the  optimum  lens  and  a slight  tweaking  of  the 
hydraulic  microdrive  which  varied  probe  depth  in  2 micron  in- 
crements . 

When  the  "optimum  focus"  was  found,  scans  were  made  with 
4,  3,  2,  and  1 mm  pupils  placed  directly  in  front  of  the  eye 
and  centered  on  the  cornea.  In  the  case  of  the  laser  --  point 
images,  scans  were  made  at  six  wavelengths. 

Data  Analysis  --  Line  Images 

The  data  were  corrected  for  the  effect  of  using  a finite- 
size  probe  in  sampling  the  image.  The  measured  image  was  con- 
sidered a convolution  of  the  probe  (a  circular  aperture)  with 
a "true"  image.  The  Fourier  transform  of  the  measured  image 
was  therefore  a product  of  the  transforms  of  the  circular  aper- 
ture and  the  "true"  image. 


The  "true"  image  was  obtained  by  dividing  the  transform 
of  the  measured  image  by  the  transform  of  a circular  aperture. 

The  transform  of  the  aperture  was  smoothed  to  avoid  dividing 
by  zero. 

The  method  was  tested  using  a gauss i an  fuction,  a = 1 arc 
minute,  as  a hypothetical  "true"  image  profile.  This  function 
was  perturbed  by  multiplying  its  transform  by  the  transform 
of  the  circular  aperture  and  taking  the  inverse  transform.  The 
original  and  perturbed  profiles  are  shown  in  Figures  4 and  5, 
where  it  can  be  noted  that  the  width  between  half  height  points 
is  approximately  10%  larger  than  the  original  profiled 

The  transform  of  the  corrected  profile  is  the  product  of: 
the  transform  of  the  original  function,  the  transform  of  the 
circular  aperture,  the  truncated  inverse  function,  and  the  smooth- 
ing function.  The  corrected  pro  file,  found  by  taking  the  in- 
verse Fourier  transform  of  the  above,  is  shown  in  Figure  6.  The 
width  between  half  height  points  is  within  2%  of  the  original 
function. 

The  transforms  of  corrected  line  image  profiles  were  obtained 
from  the  products  of:  the  transform  of  the  measured  image  ("raw" 
data  points  from  the  chart  records  with  sufficient  zeroes  sup- 
plied to  make  128  points  per  profile  were  transformed  using  a one 
dimensional  FFT  routine),  the  truncated  inverse  function,  and  the 
smoothing  function.  The  corrected  line  image  profiles  were  ob- 
tained by  inverse  Fourier  transformation.  Each  of  the  128  points 
in  the  arrays  corresponded  to  one  motor  step,  or  25  arc  seconds. 
The  laser  beam  was  displaced  approximately  2.3  microns  at  the 
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retina  per  step.  The  14  micron  aperture  used  in  the  scans 
therefore  corresponded  to  6 points  in  the  128  point  array. 

The  width  of  the  line  filament  (.51  mm  at  4 M)  was  approxi- 
mately 25  arc  seconds,  or  one  point  of  the  128  point  array. 

This  width  had  a negligible  effect  on  the  measured  profile  com- 
pared to  the  effect  of  the  probe. 

Data  Analysis  --  Point  Images 

The  analysis  discussed  for  the  line  images  can  be  extended 
to  two  dimensions.  In  this  case,  since  only  a one-dimensional 
cross  section  of  the  point  images  was  obtained,  an  estimate  of 
the  amount  of  spread  in  the  measured  image  was  calculated  by 
using  a two  dimensional  gaussian  profile.  This  estimate  would 
then  suggest  that  the  measured  images  were  larger  than  the  "true" 
images  by  some  approximate  amount.  If  the  measured  images  were 
"corrected"  as  in  the  case  of  the  line  images,  the  entire  two 
dimensional  image  profile  would  be  needed. 

The  spread  of  image  profiles  depends  on  the  ratio  of  the 
image  profile  diameter  to  the  probe  diameter.  Table  2 shows 
the  per  cent  spread  of  gaussian  image  profiles  for  probe  diame- 
ters of  la,  2a,  5a,  and  10a  with  respect  to  the  beam  standard 
deviations,  a.  If  the  measured  image  was  corrected  for  probe 
perturbations  the  12%  increase  in  half  height  associated  with 
2a  probe  diameter  would  be  reduced  to  one  percent. 
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TABLE  2. 

Spread  of  Two  Dimensional  Gaussian  Profiles 
due  to  Finite  Probe  Size 


Probe  Diameter  Per  Cent  Increase  in 

Half-Height  Width 


1 0 

5% 

2 o 

1 2% 

5 a 

50% 

10  o 

125% 

RESULTS 


Line  Images 

Images  of  the  tungsten  line  filament  described  pre- 
viously were  obtained  in  three  monkey  eyes,  numbered  9877, 

02077  and  121677. 

The  first  task  once  the  filament  image  was  placed  on 
the  probe  tip  in  the  monkey  eye  was  to  scan  the  image  with 
contact  lenses  of  varying  powers  so  as  to  find  the  best  focus. 
Figure  7 shows  four  scans  at  lens  powers  of  0 D,  +1.5  D,  +2  D, 
and  a repeat  at  +1.5  D for  Monkey  9877.  The  scan  at  +1.5  D 
was  narrowest  between  half  height  points,  and  was  therefore 
considered  the  "best"  focus. 

Figure  8 shows  scans  at  +1.5  D,  +2  D,  +2.5  D,  +3  D,  and 
+3.5  D for  Monkey  92077.  Another  scan  is  shown  at  +3.5  D after 
the  probe  hfd  been  driven  inward  slightly  (10  to  20  microns), 
producing  a still  smaller  image.  This  image  was  accepted  as  the 
"best"  focus,  since  no  higher  power  corrective  lenses  were  a- 
vai 1 abl e . 

The  retina  of  Monkey  121677  had  detached  prior  to  probe 
insertion;  often  it  was  difficult  to  insert  a probe  past  the 
detached  tissue  layers.  In  this  monkey,  instead  of  the  small 
hole  in  the  sclera,  a large  hole  was  cut  with  a scalpel  so  the 
probe  could  be  completely  inserted  into  the  eye.  Only  a small 
amount  of  vitreous  humor  leaked  out  of  the  eye;  it  remained 
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+ 3.5  D 


+ 3.5 


+ 3 D 


+ 2.5D 
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otherwise  intact.  The  "optimum  focus"  was  found  with  a +2.5  D 
lens  by  moving  the  probe  in  and  out  with  the  micromanipulator. 


For  each  monkey,  scans  were  taken  at  "best"  focus  with  no 
artificial  pupil,  and  also  for  pupils  of  4,  3,  2,  and  1 mm 
centered  directly  in  front  of  the  cornea.  The  data  were  digi- 
tized directly  from  the  chart  records  for  input  to  the  computer. 
The  images  were  corrected  for  the  finite  probe  size  by  the  me- 
thod described  earlier,  and  are  shown  in  Figures  9 through  11. 
These  corrected  images  are  estimates  of  the  eye's  line  spread 
function  for  each  pupil  condition. 

The  normalized  Fourier  transforms  of  the  corrected  image 
profiles  are  shown  in  Figures  12  through  14.  These  transforms 
represent  estimates  of  the  eye's  modulation  transfer  function 
for  each  pupil  condition. 

A criterion  relating  optical  resolution  of  the  eye  to  the 
line  spread  function  is  the  relative  width  of  the  line  spread 
function  profile.  The  widths  between  half  height  points  of 
the  corrected  image  profiles,  in  arc  minutes,  for  the  three 
monkeys  and  all  pupil  conditions  are  given  in  Table  3. 

Point  Images 

Retinal  images  formed  by  expanded,  collimated  laser  beams 
(see  previous  description  in  Experimental  Procedure  section) 
were  obtained  from  two  monkeys,  numbered  72177  and  10477. 

The  "best"  focus  was  found  in  the  same  way  as  for  the  line 
Images.  In  Figure  15,  scans  are  shown  at  corrective  lens  powers 
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TABLE  3 

Widths  between  Half-Height  Points 
for  Corrected  Line  Images 


Monkey 

Pupil  Condition 

Width  between 

Half-Height  Points 

(Arc  Minutes) 

9877 

No  Pupil 

5.5 

4 mm 

7.6 

3 mm 

4 . 1 

2 mm 

3-9 

1 mm 

5.8 

92077 

No  Pupil 

6.2 

4 mm 

7.2 

3 mm 

7.2 

2 mm 

6.1 

1 mm 

5.6 

121677 

No  Pupil 

4.4 

4 mm 

3.2 

3 mm 

2.8 

2 mm 

3.1 

1 mm 

4.8 

! 
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of  0 D,  +1.5  D,  + 2 D,  +2.5  D,  +3  D,  and  a repeat  at  +2.5  D 
for  monkey  10477.  The  +2.5  D correction  was  considered  "best", 
even  though  the  repeated  scan  gave  a larger  image  than  the 
first  scan.  The  image  was  still  smaller  than  the  +3  D image. 

The  wavelength  employed  for  these  scans  was  514.4  nm. 

For  monkey  72177,  the  "best"  focus  was  found  at  approxi- 
mately 590  nm,  and  scans  were  then  taken  at  approximately 
630  nm,  and  at  approximately  560  nm,  with  no  artificial  pupil. 
Since  the  probe  was  at  the  same  depth,  these  scans  attempted  to 
measure  a change  in  the  point  imaqe  with  respect  to  wavelength; 
i.e.,  to  attempt  to  demonstrate  a chromatic  aberration  effect 
in  the  eye. 

Returning  to  the  red  wavelength  (630  nm),  the  probe  was 
driven  in  and  out  slightly  and  scans  were  taken  until  an  image 
slightly  sma'ler  than  the  previous  one  was  obtained.  Scans  were 
then  made  with  4,  3,  2,  and  1 mm  artificial  pupils.  With  the 
1 mm  pupil  in  place,  the  wavelength  was  changed  to  blue  (488  nm), 
purple  (455.5  nm),  and  green  (514.4  nm).  The  scans  for  monkey 
72177  are  shown  in  Figures  16  and  17. 

For  monkey  10477,  when  the  "best"  focus  was  found,  scans 
were  taken  at  514.5  nm,  488  nm,  and  455.5  nm  with  no  artificial 
pupil,  and  pupils  of  4,  3,  2,  and  1 mm  centered  in  front  of  the 
cornea.  The  scans  for  monkey  10477  are  shown  in  Figures  18 
through  20. 

The  preceding  scans  were  digitized  directly  from  the  chart 
records  for  computer  plotting. 

The  widths  between  half  height  points,  shown  in  Table  4, 
are  slightly  larger  in  the  measured  image  profiles  than  they 
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TABLE  4 

Widths  between  Half-Height  Points  for  Point  Images 


Monkey 

Pupi  1 

NM 

Width  between 
Half-Height 
Points  (are  min) 

Probe 

Cor  r . 
Factor 

Corrected 

Width 

Arc  Min 

72177 

None 

630 

2.2 

0.9 

1.98 

4 mm 

630 

2.0 

0.9 

1 . 8 

3 mm 

630 

2.2 

0.9 

1.98 

2 mm 

630 

2.5 

0.9 

2.25 

1 mm 

630 

3.8 

0.92 

3.5 

None 

590 

3.2 

0.9 

2.88 

None 

560 

2.8 

0.9 

2.52 

1 mm 

514.5 

4.2 

0.93 

3-91 

1 mm 

488 

4.0 

0.93 

3.72 

1 mm 

455.5 

5.3 

0.95 

5.04 

10477 

None 

514.5 

4.8 

0.94 

4.51 

4 mm 

514.5 

3.  1 

0.9 

2.79 

3 mm 

514.5 

4.0 

0.93 

3.72 

2 mm 

514.5 

3.3 

0.9 

2.97 

1 mm 

514.5 

3.0 

0.9 

2.7 

None 

488 

3.6 

0.91 

3.28 

4 mm 

488 

3.2 

0.9 

2.88 

3 mm 

488 

3.2 

0.9 

2.88 

2 mm 

488 

3.0 

0.9 

2.7 

1 mm 

488 

2.0 

0.9 

1.8 

None  455.5 


3.4 


0.9 


3.06 
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would  be  in  the  "true"  image  profiles  due  to  the  finite  size 
of  the  probe.  The  analysis  of  the  two  dimensional  gaussian 
profiles  discussed  in  the  Experimental  Procedure  section  shows 
that  the  probe  spreads  the  image  by  an  amount  up  to  10%  for 
the  smallest  images  encountered  here.  The  widths  of  the  measured 
image  profiles,  reduced  by  the  appropriate  scaling  factors  de- 
termined from  the  analysis,  are  also  shown  in  Table  4. 

For  the  modulation  transfer  function  to  be  obtained  di- 
rectly from  a point  image  profile,  the  complete  two  dimensional 
profile  of  the  point  image  is  required.  If  the  two  dimensional 
profile  is  known,  or  if  the  one  dimensional  profile  can  be  con- 
sidered to  be  circularly  symme tri c,  the  modulation  transfer 
function  can  be  obtained  by  performing  a Fourier  transformation 
in  two  dimensions.  Alternatively,  a line  spread  function  can 
be  calculated  from  a superposition  of  point  spread  functions 
(6),  and  a one  dimensional  Fourier  transformation  can  be  per- 
formed on  that  function. 

Transmission  of  the  Ocular  Media 

Measurements  of  the  transmission  of  the  ocular  media  were 
made  in  two  rabbits  and  two  rhesus  monkeys  at  wavelengths  of 
455.5  nm,  488  nm,  514.5  nm,  560  nm,  590  nm,  630  nm,  and  1060  nm. 
The  measurements  were  made  with  the  600  micron  aperture  probe. 

The  rabbit  data  are  shewn  along  with  the  rabbit  ocular  trans 


mission  curve  of  Geeraets  and  Berry  (3)  in  Figure  21.  The  data 
from  one  monkey  (32178)  are  shown  in  Figure  22,  along  with  the 


re  21.  Transmission  of  the  Ocular  Media  from  Two 
its  Plotted  with  Curve  of  Geeraets  and  Berry. 


Figure  22  . Transmission  of  the  Ocular  Media  from  One 
Monkey  Plotted  with  Curve  of  Geeraets  and  Berry. 


monkey  ocular  transmission  curve  of  Geeraets  and  Berry.  The 
cornea  of  the  second  monkey  (31778)  clouded  early  in  the  ex- 
periment and  remained  so  throughout;  the  reduced  transmission 
values  are  shown  in  Figure  23  with  the  curve  of  Geeraets  and 
Berry. 
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Line  and  Point  Images 

There  is  no  clear  cut  relationship  of  the  widths 
between  half-height  points  of  the  measured  line  images  and 
the  sizes  of  the  artificial  pupils.  One  point  (Monkey  9877, 

2 mm  pupil)  is  very  close  to  the  data  of  Enroth-Cugel 1 for 
the  same  pupil  condition  in  the  cat.  The  images  for  no  pupil 
are  slightly  better  than  those  of  Enroth-Cugel 1 . For  Monkey 
92077,  the  image  profiles  may  not  represent  the  "best"  focus 
for  the  eye,  since  they  are  typically  50  to  60%  larger  than  the 
images  of  Monkey  9477,  and  the  attempts  at  finding  the  best 
focused  image  ended  with  the  use  of  a +3.5  Dipter  contact  lens, 
the  strongest  on  hand.  The  data  from  Monkey  121677  are  better 
than  all  those  of  Enroth-Cugel 1 for  the  cat  except  for  the  1 mm 
pupil  condition. 

One  point  might  be  made  here;  the  illumination  for  the 
point  images  is  coherent,  while  the  illumination  for  the  line 
images  is  incoherent.  The  inherent  differences  in  the  behavior 
of  incoherent  and  coherent  light,  the  most  significant  of  which 
is  that  coherent  light  amplitude  is  linearly  mapped  in  space, 
while  it  is  the  incoherent  light  intensity  which  is  linearly 
mapped  in  space.  However , the  intensity  distribution  produced 
by  a coherent  uniform  plane  wave  at  the  cornea  is  the  same,  ex- 
cept for  a scaling  factor,  as  that  which  would  be  produced  by 
an  incoherent  uniform  plane  wave 


50. 


Westheimer  (12)  has  found  that,  using  the  method  and  re- 
sults of  Jones  (6),  point  spread  functions,  when  used  to  cal- 
culate line  spread  functions  similar  to  those  he  measured  in 
human  eyes,  are  approximately  2/3  as  wide  between  half  height 
points  as  the  corresponding  line  spread  functions.  Table  5 
shows  the  corrected  widths  between  half  height  points  of  the 
laser  point  images,  (previously  shown  in  Table  4),  multiplied 
by  1.5,  thus  giving  values  for  widths  of  hypothetical  line 
spread  functions  derived  from  the  point  image  data.  The  fig- 
ures for  Monkey  72177  (no  pupil)  are  a little  more  than  half 
the  size  of  the  measured  line  images  of  Monkey  9477,  as  well 
as  those  of  Enroth-Cugel 1 in  the  cat.  The  figures  for  Monkey 
72177  with  a 1 mm  pupil  are  slightly  larger  than  the  measured 
line  images,  which  are  all  more  than  twice  the  size  of  the 
best  image  obtained  by  Enroth-Cugell  for  a 1 mm  pupil. 

All  of  the  figures  for  Monkey  10477  are  from  15%  to  as  much 
as  85%  larger  than  the  widths  of  the  measured  line  images  for 
Monkey  92077,  the  poorer  of  the  two  line  image  experiments. 

The  images  for  Monkey  92077  have  already  been  suggested  to 
be  out  of  focus.  The  eye  of  Monkey  10477  may  possibly  have  been 
of  poorer  quality  than  the  other  three. 

The  state  of  the  eye,  which  may  change  during  the  course 
of  an  experiment,  is  possibly  a significant  factor  in  the  quality 
of  the  image  data  obtained.  Improvement  was  noted  in  the  quality 
of  images  when  the  contact  lens  was  removed,  rinsed  and  replaced 
in  the  eye  following  the  instilling  of  artificial  tears.  The 
condition  of  the  cornea  and  fundus  was  difficult  to  judge,  unless 
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TABLE  5 

Widths  between  Half  Height  Points  of  Equivalent 


Line 

Images 

Calculated 

from  Widths  of 

Point  Images 

Monkey 

Pupil 

NM  Corrected  Width 

Point  Image 

Equivalent  Width 
Line  Image 

72177 

None 

630 

1.98 

2.97 

4 mm 

630 

1.8 

2.7 

3 mm 

630 

1.98 

2.97 

1 mm 

630 

3.5 

5.25 

None 

590 

2.88 

4.32 

None 

560 

2.52 

3-78 

1 mm 

514.5 

. 3.91 

5.87 

1 mm 

488 

3-72 

5.58 

1 mm 

455.5 

5.04 

7.56 

10477 

None 

514.5 

4.51 

6.77 

4 mm 

514.5 

2.79 

4.19 

3 mm 

514.5 

3-72 

5.58 

2 mm 

514.5 

2.97 

4.46 

1 mm 

514.5 

2.7 

4.05 

None 

488 

3.28 

4.92 

4 mm 

488 

2.88 

4.32 

3 mm 

488 

2.88 

4.32 

2 mm 

488 

2.7 

4.05 

1 mm 

488 

1.8 

2.7 

None 

455.5 

3.06 

4.59 

i 


something  was  drastically  wrong.  The  appearance  of  the  fundus 
in  the  fundus  camera  could  be  misleading  for  two  reasons;  (1) 
the  focal  plane  of  the  image  should  be  near  the  probe  tip,  which 
is  in  front  of  the  retinal  layers  and  blood  vessels,  and  (2)  the 
eye  of  the  observer  can  correct  for  errors  in  focus  of  either 

the  animal's  eye  or  the  fundus  camera,  and  it  can  also  correct 

for  some  spherical  aberration. 

The  eye  of  the  animal,  while  in  vivo,  is  definitely  out  of 

its  "natural  state",  the  state  in  which  there  is  a proper  amount 

of  tearing,  blinking,  and  psychophysical  controls  to  aid  the 
animal  in  forming  an  image. 

Very  small  images  are  noted  by  llestheimer  (11)  in  which  the 
aerial  images  reflected  off  human  fundi  were  scanned.  In  this 
work,  each  subject  fixed  his  eye  at  a taroet  point  behind  the 
stimulus,  rather  than  on  the  stimulus  itself.  The  best  point 
images  were  calculated  by  Gubisch  (5)  from  measured  modulation 
transfer  function  derived  from  subjective  (human)  perception  of 
variable  spatial  frequency  qratings  (2).  In  this  latter  work,  the 
characteristics  of  the  optical  system  were  separated  from  the  total 
system.  Nevertheless,  the  focus  and  other  fine  adjustment  of  the 
optical  system  should  have  been  optimum  or  nearly  so,  due  to  the 
closed  loop  control  of  the  overall  visual  system.  Their  data  are 
near  the  diffraction  limit  for  all  pupil  sizes  employed.  Line 
images,  reflected  off  human  fundi,  were  also  measured  by  Campbell 
and  Gubisch;  their  results  were  comparable  to  line  images  derived 
from  the  psychophysical  measurements. 

The  visual  acuity  of  the  rhesus  monkeys  used  in  the  experi- 
ments, although  not  individually  determined,  has  been  measured 
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for  other  monkeys  of  the  same  species  using  a system  in- 
volvino  the  perception  of  the  position  cf  the  paps  in  Lando'lt 
C-rings  (4);  a task  not  unlike  the  perception  of  paps  of  letters 
in  the  standard  eye  chart  for  humans.  The  acuity  of  the  monkeys 
tested  was  20/20  or  better.  The  quality  of  a "normal"  monkey 
eye  should  be  very  comparable  to  that  of  a "normal"  human  eye. 

The  contact  lenses  in  corrective  powers  were  specially  made 
to  fit  the  eye  of  an  "average"  monkey.  This  does  not  insure  a 
perfect  fit  on  each  monkey  used,  of  course,  and  poor  lens  fit  may 
have  contributed  to  the  problem  of  obtaining  small  images. 

The  best  point  image  data  obtained  in  this  work  was  for 
Monkey  72177  with  all  pupil  conditions  at  630  nm;  with  no  pupil 

I 

at  590  nm  and  560  nm,  and  with  a 1mm  pupil  at  488,  455.5,  and 
514.4  nm.  (See  Table  4)  The  width  (between  half-height  points) 

. 

of  even  the  best  of  these  points  ( 3 mm  pupil,  630  nm)  is  nearly 
4 times  larger  than  the  diffraction  limited  spot  for  the  same 
condition  (See  Table  6). 

Another  possible  problem  in  the  measurement  of  these  imaaes 
is  the  error  introduced  bv  rotating  the  eye;  i.e.,  tne  rotation 

| 

of  the  cornea  as  well  as  the  retina  and  the  resulting  spread  of 
the  measured  image. 

To  investigate  this  problem,  a scan  was  made  of  the  image 
of  the  line  source  produced  by  a 2 cm  focal  lens  with  a nominal 
3 mm  pupil.  The  lens  was  placed  in  the  same  position  on  the 
stereotax  as  an  eye  would  be.  The  scan  was  made  rotational ly , 
just  as  in  the  eye,  and  also  was  made  by  translating  the  probe 
with  respect  to  the  image  in  1.11  micron  steps  via  an  hydraulic 


i 
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TABLE  6 

Diffraction  Limited  Spot  Diameters 


Pupil 

Diameter 

NM 

Angular  Width 
between  First 
Zeroes  (arc  min) 

Angular  Width 
between  Half-Height 
Points  (arc  min) 

4 mm 

455.5 

0.96 

0.4 

3 mm 

455.5 

1.26 

0.54 

2 mm 

455.5 

1.9 

0.8 

1 mm 

455.5 

3.8 

1.6 

4 mm 

488.0 

1.04 

0.44 

3 mm 

488.0 

1.36 

0.56 

2 mm 

488.0 

2.04 

0.86 

1 mm 

488.0 

4.  10 

0.90 

4 mm 

514.5 

1.06 

0.46 

3 mm 

514.5 

1.44 

0.60 

2 mm 

514.5 

2.16 

0.90 

1 mm 

514.5 

4.30 

1.80 

4 mm 

560.0 

1 . 16 

0.46 

3 mm 

560.0 

1.54 

0.64 

2 mm 

560.0 

2.30 

0.96 

1 mm 

560.0 

4.6 

1.92 

4 mm 

590.0 

1.24 

0.54 

3 mm 

590.0 

1.64 

0,70 

2 mm 

590.0 

2.46 

1.04 

1 mm 

590.0 

4.94 

2.06 

4 mm 

630.0 

1.32 

0.55 

microdrive.  Comparison  of  the  two  scans  showed  that  the  rota- 
tional scan  was  from  6 to  9%  wider  at  half  height  points  than 
the  translational  scan.  The  rotational  scan  apparently  accounts 
for  only  a small  error  in  the  measured  images. 

The  sizes  of  minimally  small  images  limit  spatial  resolu- 
tion in  that,  if  two  images  are  placed  close  enough  together,  the 
algebraic  sum  of  the  two  profiles  contains  no  discernible  "dip" 
in  the  center,  and  is  indistinguishable  from  a single  image  pro- 
file. 

The  Rayleigh  limit  of  resolution  for  diffraction  limited  op- 
tical systems  occurs  when  the  peak  of  one  Airy  disk  (point  image 
profile)  occurs  at  the  first  zero  of  another  disk.  The  algebraic 
sum  of  these  so-displaced  functions  contains  a 25%  "dip"  in  the 
ceter;  indeed,  the  profiles  could  be  moved  somewhat  closer  to- 
gether before  the  dip  disappeared  altogether. 

The  spot  size  for  a 2.3  mm  pupil  in  the  human  eye,  at  a wave- 
length of  555  nm,  forms  the  basis  for  the  1 arc  minute  resolu- 
tion criterion  for  the  human  eye  (13);  i.e.,  the  distance  from 
the  peak  to  the  first  zero  of  this  image  profile  (which  is  very 
close  to  an  Airy  disk)  subtends  1 minute  of  arc  in  the  eye. 

The  eye  appears  not  to  be  performing  any  special  "tricks" 
to  attain  this  degree  of  resolution;  Westheimer  (13)  has  demon- 
strated that  under  certain  conditions,  visual  acuity  can  be  10 
times  better  than  the  diffraction  limit. 

Therefore,  spot  sizes  smaller  than  those  measured  in  this 
work  must  be  formed  on  the  retina  under  "natural"  conditions  for 
the  eye. 

The  modulation  transfer  function  specifier,  the  attenuation 
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of  spatial  frequencies  in  the  eye.  A "cutoff  frequency"  for 
a diffraction  limited  coherent  or  incoherent  optical  system  has 
a clear-cut  meaning:  the  aperture(s)  of  the  system  prevent(s) 
high-order  diffracted  rays  (high  spatial  frequencies)  from  appear- 
ing in  the  "output"  of  the  system.  Diffraction  limited  cutofr 
frequencies  for  several  wavelengths  and  various  pupil  sizes  are 
shown  in  Table  7. 

In  a non-diffraction  limited  system  such  as  the  eye,  where 
"smearing"  of  spatial  frequencies  occurs,  a definition  of  a 
cutoff  frequency  would  have  to  consider  the  signal  to  noise  ratio 
of  the  system.  In  most  linear  (temporal)  systems  such  as  elec- 
tronic circuits,  a "cutoff  frequency"  is  defined  as  the  freauency 
at  which  the  power  in  the  output  signal  is  one-half  of  the  power 
in  the  signal  at  "mid-band",  or  the  frequency  ranoe  in  which  the 
least  amount  of  signal  attenuation  occurs. 

For  a "cutoff  frequency"  to  have  significance  in  terms  of  the 
resolution  of  a system,  it  would  have  to  mean  a frequency  at  or 
above  which  the  information  is  indistinguishable  from  the  noise  of 
a system.  Measurements  of  contrast  transmission  could  produce 
finite  contrast  in  high  spatial  frequencies  if  the  overall  bright- 
ness for  all  spatial  frequencies  were  high  enough.  Discussion 
of  a "cutoff  frequency"  which  occurs  below  the  diffraction  limit 
must,  it  would  seem,  include  consideration  of  the  dicrimination 
capabilities  of  the. retina  receptor  grid  as  well  as  higher  neural 
processing  capabilities. 

"Noise"  of  unknown  origin,  in  the  form  of  discontinuities 
and  sharp  minor  peaks  in  the  measured  images  tends  to  (erroneously) 
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TABLE  7 

Diffraction  Limited  Cutoff  Frequencies 

Pupil  NM  Cutoff  Frequency  Cutoff  Frequency 

Diameter  Incoherent  Ilium.  Coherent  Ilium. 


Cycles/Degree 

Cycles/Degree 

4 

mm 

455.5 

76.68 

153.27 

3 

mm 

455.5 

57.48 

114.95  ! 

2 

mm 

455.5 

38.32 

76.63 

1 

mm 

455.5 

19.16 

38.32 

4 

mm 

488.0 

71.53 

143.06 

3 

mm 

488.0 

53.65 

107.29 

2 

mm 

488.0 

35.76 

71.53 

1 

mm 

488.0 

71.53 

143.06 

4 

mm 

514.5 

67.85 

135.69 

3 

mm 

514.5 

50.88 

101.77 

2 

mm 

514.5 

33.92 

67.85 

1 

mm 

514.5 

16.96 

33.92 

4 

mm 

560.0 

62.33 

124.67 

3 

mm 

560.0 

46.75 

93-5 

2 

mm 

560.0 

31 . 17 

62.33 

1 

mm 

560.0 

15.59 

31.17 

4 

mm 

590.0 

59.16 

118.33 

3 

mm 

590.0 

44.37 

88.75 

2 

mm 

590.0 

29.58 

59.  16 

. 1 

mm 

590.0 

14.79 

29.58 
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4 

mm 

630.0 

55 

3 

mm 

630.0 

41 

2 

mm 

630.0 

27 

1 

mm 

630.0 

13 

41 

110.81 

56 

83-11 

70 

55.41 

85 

27.70 

£ 
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contribute  to  the  high  spatial  frequency  content  of  the  MTF. 

It  would  appear  that  information  regarding  spatial  resolution 
should  be  derived  from  the  widths  between  half  height  points 
of  the  line  and  point  images.  The  widths  measured  in  this 
work,  once  again,  are  larger  than  those  predicted  by  known 
capabilities  of  the  eye. 

The  relatively  large  images  obtained  in  this  work  bring 
up  the  question  of  the  possible  overestimation  of  eye  quality 
in  the  experiments  of  Campbell  and  Gubisch  and  Campbell  and 
Green.  The  psychophysical  experiment  of  Campbell  and  Green  may 
indicate  better  than  actual  eye  performance  since  some  scatter- 
ing or  other  degradation  effects  rnav  he  "cancelled  out"  in  the 
process  of  separating  the  neural  and  optical  visual  system  com- 
ponents. The  physical  experiment  of  Campbell  and  Gubisch,  in 
which  a line  image  reflected  off  the  human  fundus  was  measured, 
deals  with  a "double  pass"  of  linht  rays  through  the  eye.  The 
reflection  at  the  fundus  is  considered  to  be  nearly  ideal,  and 
the  eye's  optics  are  considered  perfectly  reversible  in  their 
work.  Any  flaws  in  these  assumptions  would  tend  to  degrade  a 
measured  image;  it  is  hard  to  imagine  any  effect  which  would 
erroneously  sharpen  it.  It  is  felt  that  these  data  are  true 
estimates  of  eye  performance,  and  the  measurements  made  in  this 
work  indicate  that  the  condition  of  the  eye  is  poor  in  the  ex- 
perimental preparation  that  it  is  normally. 

Transmission  of  the  Ocular  Media 


The  transmission  of  the  ocular  media  values  obtained  for  the 
rabbit  are  somewhat  lower  than  the  values  of  Geeraets  and  Berry, 
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while  the  values  for  the  monkey  are  somewhat  higher  (See  Figures 
21  and  22). 

Geeraets  and  Berry  essentially  measured  the  total  trans- 
mission of  the  eye,  including  scatter.  The  600  micron  diameter 

fiber  optic  probe  used  in  this  work  measured  the  direct  trans- 

2 

mission  of  a 200  micron  1/e  diameter  bean,  and  scattered  light 
which  lay  within  the  probe  aperture.  The  poorer  quality  rabbit 
eye  may  have  scattered  a significant  portion  of  the  light  be- 
yond the  probe  aperture,  thus  making  the  amount  of  light  mea- 
sured inside  the  rabbit  eye  lower  than  the  amount  measured  by 
Geeraets  and  Beery. 

The  higher  quality  monkey  eye  probably  scattered  less  light 
than  the  rabbit  eye;  therefore,  more  light  was  incident  on  the 
probe  aperture.  The  quality  of  the  monkey  eye  may  have  been 
better  than  that  of  the  2 cm.  focal  length  lens  used  to  calibrate 
the  probe  response  (See  Experimental  Procedure  section).  This 
would. make  the  transmission  values  for  the  monkey  higher  than 
they  actually  are. 

The  variation  in  the  individual  points  could  be  due  to  a 
change  in  the  imaging  conditions  (divergence  of  the  beam)  for 
each  measurement;  also,  the  amount  of  scattered  light  could  have 
changed  due  to  a change  in  the  condition  of  the  eye.  Another 
possible  source  of  variation  would  be  an  error  in  power  measure- 
ment with  the  radiometer,  either  of  power  incident  on  the  probe 
(outside  the  eye ) or  incident  on  the  cornea  (with  the  probe  inside 
the  eye). 

The  coupling  of  light  into  a fiber  optic  in  general  is  diff- 
erent when  the  fiber  is  in  air  and  when  the  fiber  is  in  water. 
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The  coupling  is  primarily  influenced  by  the  difference  in 
refractive  index  at  the  probe  interface.  The  fiber  optic 
probe  used  in  these  measurements  had  a diffusing  surface; 
reflections  off  this  surface  are  non-specular  and  do  not 
depend  on  the  medium  the  probe  is  in.  The  response  of  this 
probe  should  be  the  same  in  water-like  media  as  in  air. 


CONCLUSIONS 


The  results  of  this  work  lead  to  the  following  conclu- 
sions: 

A fiber  optic  probe  is  a useful  device  for  measuring  the 
relative  light  intensity  distribution  within  the  eye  of  an 
anesthetized  experimental  animal.  The  minimally  small  images 
measured  were  larger  than  those  measured  by  others  or  pre- 
dicted by  diffraction  theory.  Possible  reasons  for  the  rela- 
tively poor  results  here  are  (1)  the  lack  of  a proper  tear 
layer  on  the  cornea  in  the  anesthetized  animal;  (2)  disturbance 
of  the  corneal  refracting  surface  by  the  contact  lens,  which 
may  not  have  fit  properly  and  was  changed  during  the  experiment; 
(3)  the  lack  of  fine  focusing  or  micro-accomodation  activity  in 
the  crystalline  lens,  since  the  ciliary  muscle  was  paralyzed  and 
did  not  function  as  it  does  in  an  alert  animal;  and  (4)  possible 
unknown  factors,  such  as  changes  in  intraocular  pressure,  affect- 
ing the  condition  of  the  eye  in  the  anesthetized  state  of  the 
animal.  For  these  reasons,  the  errors  introduced  in  measuring 
small  images  reflected  off  the  fundus  in  alert  human  subjects 
are  probably  not  due  only  to  instrumentation  and  not  the  lack  of 
fine  focusing.  Data  from  visual  acuity  tests  suggest  that  the 
optical  quality  of  alert  monkeys  is  indeed  comparable  to  that  of 
humans.  Nevertheless,  the  results  obtained  here  should  be  valid 
for  other  experiments  in  which  eye  quality  is  measured,  or  the 
quality  of  the  eye  affects  the  outcome,  and  the  experimental 
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A fiber  optic  probe  is  a reasonably  accurate  device  for 
measuring  the  transmission  of  the  ocular  media  in  experimental 
animals.  Laser  sources  were  used  in  this  work,  providing  a limi- 
ted number  of  wavelengths.  The  increased  sensitivity  of  a broad- 
band photomultiplier  detector  would  allow  a tungsten  or  xenon 
source  with  a monochromator  to  be  used,  giving  a more  complete 
• spectral  response  curve. 
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this  report  involves  the  fabrication  and  use  of  a small  fiber  op- 
tic probe  to  measure  (1)  the  transmission  of  the  ocular  media  which 
is  the  ratio  of  the  total  light  intensity  reaching  the  retina  to 
the  total  light  intensity  incident  on  the  cornea,  and  (2)  the 
cross-sectional  intensity  profile  of  a niminally  small  image.  In- 
formation concering  the  resolution  of  the  eye  is  derived  from  the 
small  image  measurements.  , • , . 
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Critical  parameters  in  the  study  of  damage  mechanisms  in  the 
eye  are  the  amount  of  light  reaching  the  retinal  tissues  as  a func- 
tion of  wavelength,  and  the  size  and  shape  of  the  relative  light 
intensity  distribution  on  the  retina. 

Measurements  of  these  quantities  have  been  reported  in  the 
literature.  Most  of  the  measurements  of  the  transmission  of  the 
ocular  media  were  made  on  excised  eyes  and  most  of  the  measurements 
of  minimal  retinal  images  were  made  either  on  excised  eyes,  or  were 
made  indirectly  on  intact  eyes  by  a fundus  reflective  or  psycho- 
physical technique.  In  this  research  direct,  in  vivo  measurements 
of  these  two  quantities  were  made  in  the  rhesus  monkey  eye. 

The  transmission  of  the  ocular  media,  measured  on  a limited 
number  of  animals,  compares  well  with  some  of  the  best  previously 
reported  data.  The  transmission  was  measured  via  a 600  micron 
diameter  fiber  optic  probe  which  collected  all  the  light  from  a 
200  micron  diameter  irrading  laser  beam.  Three  lasers,  providing 
seven  wavelengths,  were  employed. 

The  minimal  images  measured  in  the  monkey  eye  were  larger  than 
values  reported  from  subjective  acuity  tests  or  by  diffraction 
theory.  Some  of  this  poor  quality  could  be  attributed  to  experi- 
mental error,  but  perhaps  the  most  significant  factor  affecting  eye 
quality  was  the  fact  that  the  neural  controls  for  blinking,  tearing, 
and  microaccomodation,  which  aid  the  eye  in  forming  a retinal  image, 
were  inactive  in  the  anesthetized  animal.  If  eye  quality  in  the 
experimental  preparation  is  indeed  poor,  other  experiments  involv- 
ing fine  visual  detail  would  be  similarly  affected. 
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